The objective of the present study was to design a PCR-generated DNA probe and determine the specificity of the probe for the identification of clinical isolates of Streptococcus sanguinis. To do this, we examined over 200 arbitrarily primed PCR (AP-PCR) amplicon patterns obtained with DNA from clinical isolates of S. sanguinis. A 1.6-kb DNA amplicon that was common to all AP-PCR profiles was extracted from agarose gels and then cloned and sequenced. A search for a similar sequence in the GenBank database with the BLASTN program revealed that the 1.6-kb DNA fragment comprised an intergenic region between two housekeeping genes, uncC (proton-translocating ATPase) and murA (UDP-N-acetylglucosamine enolpyruvyl transferase). Three digoxigenin-labeled DNA probes were synthesized on the basis of the sequence of the 1.6-kb fragment: the sequence of probe SSA-1 contained the proton-translocating ATPase (uncC) and the entire intergenic region, the sequence of probe SSA-2 contained only the intergenic region, and the sequence of probe SSA-3 contained an internal region of the murA gene. Dot blot hybridization showed that the three probes displayed signals for hybridization to both S. sanguinis strain ATCC 10556 and the S. sanguinis clinical isolates. Probe SSA-1, however, hybridized to DNA from S. oralis and S. mitis. Probe SSA-3 hybridized to DNA from S. gordonii, S. mitis, S. oralis, S. parasanguinis, and S. vestibularis. The probe SSA-2-specific intergenic region appeared to be specific for S. sanguinis. The results from this study suggest that probe SSA-2 may serve as a species-specific DNA probe for the identification of clinical isolates of S. sanguinis.
The heterogeneous group of oral streptococci collectively named Streptococcus sanguinis (formerly S. sanguis) are members of the indigenous oral biota colonizing dental plaque (6, 25) . S. sanguinis first colonizes an infant's oral cavity at about 9 months of age (8) and may serve a protective or antagonistic role against the cariogenic bacterium S. mutans (8, 26, 27) . On the other hand, S. sanguinis may also cause life-threatening bacterial endocarditis (10) and septicemia (15) .
Previous methods for identifying S. sanguinis are based primarily on physiological and biochemical characteristics. The reliability and reproducibility of the conventional phenotypic identification, however, varied among methodologies and investigators (5, 21) . For example, previous studies were unable to demonstrate agreement between the genotypic and phenotypic methods for identifying clinical S. sanguinis isolates (8, 30) . Accordingly, other methods are being examined, including those that combine PCR with nucleic acid probes for detection and identification of S. sanguinis and other oral bacteria (14, 17, 19, 22, 23, 29, 35, 36, 37) .
In the present study, we used a PCR-based approach to develop a DNA probe for identifying S. sanguinis based on a common amplicon present on arbitrarily primed PCR (AP-PCR) profiles. The specificity of this probe was tested against a panel of previously confirmed clinical isolates of S. sanguinis (8, 30) . The results of the study suggest that this speciesspecific probe may serve as a useful tool in the identification of S. sanguinis from clinical samples.
MATERIALS AND METHODS
Bacterial strains. Sixteen reference strains obtained from the American Type Culture Collection (ATCC; Manassas, Va.) were included in this study (Table 1) . Two other reference strains, S. pneumoniae WU2 and Escherichia coli JM109, were obtained from J. Yother at the University of Alabama at Birmingham. S. sanguinis strain ATCC 10556 was selected as a positive control. Strains representing other species served as negative controls. An additional 78 clinical isolates of S. sanguinis that were confirmed to be S. sanguinis strains by biochemical tests and 16S rRNA gene (rDNA) sequence analyses in a previous study (8, 30) were also included. The 78 clinical isolates with unique genotypes were collected from 16 individuals who visited the maternity and pediatric clinics at the Jefferson County Department of Health in Birmingham, Alabama. The details of the sample collection procedure and S. sanguinis isolation have been reported in previous studies (8, 30) . Briefly, saliva samples and dental plaques were collected, dispersed, and plated onto MM10-sucrose agar (41) . S. sanguinis was initially identified on the basis of its distinct colony morphology on MM10-sucrose medium (8, 25, 41) , and its identity was then confirmed by biochemical tests (30) . Sixteen (20%) of those clinical S. sanguinis isolates (listed in Table 1) were randomly selected and further confirmed to be S. sanguinis according to their 16S rDNA sequences.
Genomic DNA isolation. Genomic DNA was isolated from overnight cultures grown in Todd-Hewitt broth at 37°C in an anaerobic chamber (85% N 2 , 10% CO 2 , 5% H 2 ) with a commercially available DNA extraction kit (Wizard Genomic DNA Purification Kit; Promega Corp. Madison, Wis.), according to the instructions of the manufacturer. Purified DNA was dissolved in 10 mM TrisHCl buffer containing 1 mM EDTA (pH 8.0); the final concentrations were adjusted spectrophotometrically to 50 g/ml.
AP-PCR experiments. AP-PCR was performed with all DNA samples by previously described methods (22, 23, 30) . A total of 40 commercially available single-stranded 10-mer oligonucleotide primers (Kit A and Kit B; Operon Technologies, Inc., Alameda, Calif.) were screened for their suitabilities in differentiating S. sanguinis strains from non-S. sanguinis strains. Because primer OPA-02 (5Ј-TGCCGAGCTG-3Ј) was able to produce discriminative amplification patterns (data not shown), it was selected for use in this study. All amplification reactions were conducted in a thermal cycler (GeneAmp 2400; Applied Biosystems, Foster City, Calif.) with a total volume of 50 l containing 1ϫ PCR buffer (10 mM Tris-HCl, 50 mM KCl [pH 8.3]), 200 M each nucleotide, 100 pmol of primer OPA-02, 2.5 U of Taq polymerase, 3.5 mM MgCl 2 , and 50 ng of purified template DNA. The temperature profile was 40 cycles at 94°C for 1 min, 36°C for 1 min, and 72°C for 1 min, followed by a final extension at 72°C for 5 min. The resulting AP-PCR amplicons were separated on a 1.5% agarose gel in TBE (Tris-borate-EDTA) buffer and stained with an ethidium bromide solution (1 g/ml). The final images of the gels were captured with a digital camera and saved in the tagged image file format for further comparisons.
DNA cloning and sequencing. DNA amplification demonstrated that all S. sanguinis strains tested contained a 1,653-bp fragment (Fig. 1) . This fragment was excised from the agarose gel and eluted by using the QIAquick gel extraction kit (QIAGEN Inc., Santa Clarita, Calif.). The DNA fragment was cloned (TA cloning kit; Invitrogen, Carlsbad, Calif.) and transformed into E. coli, and the insert was sequenced in both directions. A sequence similarity search of the nonredundant GenBank database was preformed by using BLASTN program (National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, Md.) (2) . Putative open reading frames (ORFs) were identified by using the ORF Finder program (National Center for Biotechnology Information).
Generation of DNA-based probes and dot hybridization. The results of the BLASTN search followed by the identification of ORFs with the ORF Finder revealed that the 1,653-bp amplicon contained three regions: portions of two housekeeping genes and an intergenic region. Accordingly, three DNA probes were designed for PCR amplification of these three regions, as illustrated in Fig.  2 . The sequences and positions of the primers used to construct the probes are listed in Table 2 . The three PCR products were labeled with digoxigenin, and dot hybridization was conducted according to the instructions of the manufacturer (Digoxigenin-High Prime DNA Labeling and Detection Starter Kit I; Roche Molecular Biochemicals, Indianapolis, Ind.). Briefly, heat-denatured chromosomal DNA (1 g) was applied to a positively charged nylon membrane through the wells of Bio-Dot apparatus (Bio-Rad Laboratories, Hercules, Calif.). The filter was baked at 120°C for 30 min and then hybridized with a digoxigeninlabeled probe at 68°C (no formamide) or at 42°C (containing 50% formamide), washed at 68°C in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% sodium dodecyl sulfate (highly stringent conditions), and visualized by colorimetric detection with nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate.
Primer design. Three sets of primers were designed on the basis of the sequence of the 1,653-bp fragment from S. sanguinis type strain ATCC 10556. The forward primer, primer F1 (5Ј-GATTGACCAAGAACGCCGGGCT-3Ј), was derived from nucleotides (nt) 36 to 57 of the fragment. The reverse primer, primer R3 (5Ј-CGCATGATATCAGAGATGCAACCC-3Ј), was derived from nt 1618 to 1640 of the fragment. The specificities of the primers for all 20 reference and 78 clinical strains were tested. All amplification reactions were performed by a standardized PCR protocol, as described above, except that the temperature profile consisted of 30 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min. The PCR products were separated in 1% agarose gels and stained with ethidium bromide.
Three clinical isolates (isolates UASa11, UASa22, and UASa33) representing three S. sanguinis biovars (30) were selected for sequencing after the amplification. The 1,653-bp amplicons generated by PCR were isolated with the QIAquick PCR purification kit (QIAGENE, Valencia, Calif.) and sequenced in both directions. The sequences were aligned (MacVector, version 7.1.1; Accelrys, Madison, Wis.) to compare the 1,653-bp sequences of the S. sanguinis strains of different biovars with that of S. sanguinis type strain ATCC 10556.
Nucleotide sequence accession number. The 1,653-bp sequence from S. sanguinis ATCC 10556 is available in the GenBank database under accession number AF343003. The sequence of the intergenic region of S. sanguinis is available in the GenBank database under accession number AY277586.
RESULTS
The AP-PCR fingerprints demonstrated that a 1.6-kb amplicon could be consistently observed in the PCR profiles of type strain ATCC 10556 and all other strains of S. sanguinis tested (Fig. 1) . In contrast, this fragment was not present in the AP-PCR fingerprints of other mitis group streptococcal species. Sequencing of the 1,653-bp DNA fragment revealed two partial ORFs with high degrees of similarity to other Streptococcus species; one was from nt 1 to 111 and the other was from nt 583 to 1653. A search with the BLASTN program found that the region from nt 1 to 111 bore a high degree of similarity (92%) to the distal portion of the proton-translocating ATPase uncC gene of S. sanguinis reported by Quivey et al. (34) (GenBank accession no. AF001955). The second ORF (nt 583 to 1653) closely resembled murA (UDP-N-acetylglucosamine enolpyruvyl transferase) from S. pneumoniae, S. pyogenes, and S. mutans, among others. A putative noncoding intergenic region was found between the two housekeeping genes.
On the basis of the sequence of the 1.6-kb fragment, three digoxigenin-labeled DNA probes were synthesized: the sequence of probe SSA-1 contained the proton-translocating ATPase (uncC) and the entire intergenic region, the sequence of probe SSA-2 contained only the intergenic region, and the sequence of probe SSA-3 contained an internal region of the murA gene. The stringency of hybridization was examined by dot blot hybridization with the genomic DNA of S. sanguinis and the other species listed in Table 1 . The results showed that all three probes hybridized to the DNA of the type strain S. sanguinis ATCC 10556 (Fig. 3A to C) . Probe SSA-1 (Fig. 3A) and probe SSA-3 ( Fig. 3C ) weakly hybridized to most of the Streptococcus species, including S. oralis (ATCC 10557), S. gordonii (ATCC 10558), S. oralis (ATCC 9811), S. parasanguinis (ATCC 15911), and S. vestibularis (ATCC 49124) but did not hybridize to actinomyces, lactobacilli, or E. coli. Probe SSA-2, whose sequence spans the intergenic region, hybridized to the genomic DNA of S. sanguinis ATCC 10556 (Fig. 3B) as well as to the genomic DNA of all clinical S. sanguinis isolates (Fig. 3D) . No cross-hybridization was observed with other representative isolates of common oral streptococci, indicating a high degree of specificity of probe SSA-2 to S. sanguinis. An extensive search of the GenBank database with the probe SSA-2 sequence failed to reveal similarities to any DNA, with E value greater than 0.2. The ORF Finder suggested the presence of a putative ORF within the intergenic region (nt 285 to 515) which resembled a histidine kinase from S. pneumoniae and S. pyogenes and a hypothetical protein from S. pyogenes, S. mutans, and S. agalactiae (E value less than 2e-05). Nonetheless, the identity between the theoretical protein sequences of the probe and those predicted from genome sequences did not exceed 31%, and the nucleotide match was even less. Indeed, the nucleotide sequence of the intergenic region bore little or no similarity to sequences in the GenBank and failed to hybridize to probe SSA-2, whose sequence contains the entire intergenic region.
A set of primers (primers F1 and R3) was designed to test whether the presence of the 1.6-kb fragment could be used to identify strains of S. sanguinis. The results showed that only S. sanguinis isolates (78 strains) exhibited the 1,653-bp fragment on 1% agarose gels, as predicted, and no PCR products were detected among the 20 other species strains tested (data not shown). Furthermore, a specific set of PCR primers (primers F2 and R2) was designed to amplify the 475-bp intergenic region, as shown in Fig. 4 . DNA from three biovars of S. sanguinis clinical isolates (30) was amplified by PCR with these primers and then sequenced. Although identical in size, the sequences of the three PCR amplicons showed the presence of 12 to 18 polymorphic sites compared with the sequence of ATCC 10556, with a 4% variation in nucleotide sequence found among the three biovars of S. sanguinis isolates (data not shown).
DISCUSSION
The accurate identification of S. sanguinis has been problematic. Conventional identification protocols are usually timeconsuming and exhibit ambiguities when they are used to differentiate among the members of the mitis group (21, 32) . Several new PCR-based methods show promise in identifying isolates to the species level (1, 11, 12, 20, 35, 43) . For example, Garnier and coworkers (11) described PCR primers based on internal fragments of the genes encoding D-alanine-D-ligases for the identification of clinically relevant viridans group streptococcal species. Recently, Rudney and Larson (35) developed AP-PCR protocols for the identification of members of the mitis group, including strains of S. sanguinis. However, the use of only the PCR-based typing method proved ineffective for differentiation of the members of the mitis group. Thus, the combination of a PCR-based typing method and DNA-based probe hybridization might increase the overall accuracy of bacterial species delineation (35) .
The 16S rDNA locus in bacteria has been widely used as a target for PCR primers or probes for the identification of numerous microorganisms in cerebrospinal fluid, the gastrointestinal tract, and other sources (12, 43) . Several studies have included the rDNA locus to identify S. sanguinis from clinical specimens (8, 20, 30, 33, 35) . The probes that were used were usually based on variable regions within the 16S rDNA (3), but such regions often differ by only a few base pairs, especially among the members of the mitis group (20) . In fact, Jacobs et al. (18) reported that the use of oligonucleotide probes specific for the 16S rRNA sequences of S. anginosus, S. constellatus, and S. intermedius resulted in the reaction of a large number of strains with both the S. constellatus-and the S. intermediusspecific probes. Among the members of the mitis group, the degrees of similarity, based on comparison of 16S rDNA sequences, between the species ranged from 96 to 99% (20) , indicating an increased risk of false-positive results in hybridization reactions. Therefore, the development of a highly sensitive and specific DNA-based probe assay for the identification of S. sanguinis adds a potentially valuable new tool for the early detection and identification of S. sanguinis infection and colonization. Similar approaches have previously been reported by other investigators and successfully applied to the species identification of several microorganisms, such as Prevotella, Porphyromonas, Legionella, Candida, and Bacteroides (13, 14, 28, 40, 44) .
In our study, we demonstrated that a specific PCR-generated probe and a set of primers could identify S. sanguinis from a subset of clinical isolates previously suggested to be members of the S. sanguinis complex. Although our findings show that the specifically designed probe SSA-2 possessed accuracy in discriminating S. sanguinis from the mitis group, further research is needed to determine whether the S. sanguinis-specific PCR probe or primer set described here could yield both a high degree of sensitivity and a high degree of specificity in detecting S. sanguinis from whole plaque samples containing hundreds of different phylotypes or species. One strategy would be to examine plaque samples from pre-and postdentate infants for S. sanguinis, as S. sanguinis has been shown to colonize the oral cavity before the emergence of teeth (6, 8, 24, 38) , and then to monitor the oral cavities of infants for colonization with S. sanguinis. This, in turn, might then be used to predict the time to colonization with the mutans group of streptococci (8) and, perhaps, the risk for dental caries (7, 9, 24) . Incorporation of a signature sequence unique to S. sanguinis into a microarray-type or reverse checkerboard assay (4, 31, 42) might be a convenient way to assay plaque samples for the presence or absence of S. sanguinis. Also noteworthy is the fact that the presence of S. sanguinis has been shown to be associated with health in periodontal diseases (16) , suggesting that its activity is antagonistic against periodontopathogens, similar to that against mutans group streptococci shown previously (8, 16, 39) .
In conclusion, because the PCR-generated DNA probes can precisely identify S. sanguinis at the species level, application of these species-specific DNA markers will provide valuable tools for the early detection of S. sanguinis colonization and facilitate epidemiological study of its interaction with other oral microbes associated with caries progression and periodontal diseases.
